Introduction 45
Identifying and understanding the ecological and evolutionary processes that cause range 46 expansions, range shifts, or contractions has a long tradition in evolutionary biology (Darwin 1859; 47 MacArthur 1972; Sexton et al. 2009 ). More recently, the growing appreciation of the consequences 48 of dynamic range margins on the ecology, population genetics, and behavior of species has changed 49 our views about several evolutionary processes, such as the evolution of dispersal (Phillips et al. 50 2006; Shine et al. 2011; Lindström et al. 2013 ), life-history traits (Phillips et al. 2010) , and species 51 range limits . 52
The evolutionary processes at the margins of expanding populations allow neutral genetic 53 variants to quickly spread into new territories (Klopfstein et al. 2006 ), a phenomenon called "gene 54 surfing". Gene-surfing of neutral variation has been investigated both theoretically (Hallatschek and populations incur a mutation burden -the "expansion load" (Peischl et al. 2013) . Expansion load is a 60 transient phenomenon, but it can persist for several hundreds to thousands of generations, and may 61 limit the ability of a species to colonize new habitats . 62
Previous studies of expansion load assumed that mutations were co-dominant. An important 63 consequence of this assumption is that standing genetic variation has no effect on the dynamics of 64 mean fitness at the front of expanding populations (Peischl et al. 2013) . In particular, the total 65 number of mutations per individual, and hence the individual's fitness, remains approximately 66 constant if new mutations are ignored (Peischl et al. 2013; Peischl et al. 2014) . In additive models, 67 expansion load thus stems exclusively from the accumulation of new mutations that occur in 68 individuals living at the front of the expansion. 69 4 Empirical evidence for expansion load may come from humans, where a proportional excess 70 of deleterious mutations in non-African populations has been found (Lohmueller et al. 2008; 71 Subramanian 2012; Torkamani et al. 2012; Peischl et al. 2013; Fu et al. 2014; Lohmueller 2014) . 72 Importantly, when focusing on mutations that occurred during or after the out-of Africa expansion, 73 the excess of deleterious variants is not restricted to rare variants (Peischl et al. 2013 ). This suggests 74 that proportionally more deleterious mutations have risen to high frequencies in human populations 75 located in newly settled habitats. In contrast to what would be expected from expansion-load theory, 76 a recent analysis found no significant differences in the average allele frequency of predicted 77 deleterious alleles (Simons et al. 2014) . The average number of predicted deleterious mutations 78 carried by an individual is, however, significantly larger in non-Africans (Fu et al. 2014 ). In addition, 79 non-African individuals have significantly more loci homozygous for predicted deleterious alleles than 80
African individuals (Lohmueller et al. 2008; Subramanian 2012; Fu et al. 2014; Lohmueller 2014) . The 81 debate whether human past demography affected the efficacy of selection and the spatial 82 distribution of mutation load is thus still ongoing (Lohmueller 2014) . 83
There is mounting evidence that deleterious mutations tend to be recessive (Agrawal and 84 Whitlock 2011). Importantly, if mutations are completely recessive the number of deleterious 85 mutations per individual is not informative about the mutation load (Kimura et al. 1963) . Instead, 86 mutation load is determined by sites that are homozygous for deleterious alleles. Thus, if mutations 87 are (partially) recessive, the genotypic composition of deleterious genetic variation is more important 88 than the total number of deleterious mutations carried by an individual. Range expansions are 89 known to affect the genotypic composition of neutral standing genetic variation (Excoffier et al. 90 2009 ). The role of standing genetic variation in models of expansion load remains, however, unclear 91 if mutations are recessive. 92
We investigate here the effect of recessive mutations on the dynamics of expansion load. In 93 particular, we use individual based-simulations to investigate the role of standing genetic variation, 94 5 the width of the habitat, and the composition of expansion load with respect to allele frequencies 95 and mutational effects. 96
Model and Results

97
Model 98
We model a population of diploid monoecious individuals that occupy discrete demes 99 located on a one-or two-dimensional grid (Kimura and Weiss 1964) . Generations are discrete and 100 non-overlapping, and mating within each deme is random. multiplicative across loci, such that the fitness of an individual is given by = ∏ , where is the 120 fitness effect of the ith locus of the focus individual, i.e., there is no epistasis. In the following we will 121 focus on co-dominant (
We assume that mutation effects 122 are drawn from the same distribution of fitness effects for all individuals (independently from their 123 current fitness). 124
We perform individual-based simulations of the above described model in 1D or 2D habitats. 125
Our simulations start from ancestral populations located in 10 leftmost (rows of) demes of the range. 126
After a burn-in phase that ensures that the ancestral populations are at mutation-selection-drift 127 balance, the population expands from left to right until the habitat is filled. Because we are mainly 128 interested in the role of standing genetic variation, we focus on relatively short expansions, i.e., 129 colonization of a 1x50 (1D) or a 20x50 (2D) deme habitat. The long-term dynamics of expansion load 130 have been studied elsewhere (Peischl et al. 2013; Peischl et al. 2014) . 131
Impact of standing genetic variation on expansion load
132 For simplicity, we first consider expansions along a one-dimensional habitat and assume that 133 all mutations have the same effect, i.e., we set We next investigate the evolution of the genotypic composition of standing genetic variation 160 on the expansion front. In general, we find that the average number of heterozygous loci per 161 individual decreases during the expansion, whereas the number of loci that are homozygous for the 162 derived allele increases ( Figure 2 ). Because we simulated a fixed number of loci, the derived allele 163 frequency shown in Figure 2 is proportional to the average number of mutations carried by an 164 individual. Thus, Figure 2 shows that the total number of mutations per individual remains nearly 165 constant during the expansion (Figure 2 ). Strong genetic drift is therefore the major force driving the 166 evolution of genotype frequencies at the wave front. At any given locus, mutations are either lost or 167 fixed over the course of the expansion, and the probability of fixation of a given mutation is close to 168 its initial frequency (Peischl et al. 2013 ), suggesting that deleterious mutations are behaving like 169 neutral mutations on the wave front. In 2D expansions, the dynamics of genotype frequencies are 170 qualitatively very similar to 1D expansions ( Figure S1 ). 171 the wave front at the end of the expansion shown in Figure 3 . We find that the average number of 206 mutations per individual is uniform across the expansion front, which means that the variation in 207 fitness across the expansion front is not driven by a differential accumulation of mutations. 208
Heterozygosity, on the other hand, correlates strongly with mean fitness (cf. solid and dashed line in 209 Figure 4 ). This observation suggests that different mutations establish in different parts of the wave 210 front, and that gene flow between demes restores heterozygosity, which masks the effect of 211 deleterious recessive mutations. These results show that heterozygosity-fitness correlations (HFC) 212 are readily created during range expansions. We indeed find a strongly positive HFC at the front of 213 the expansion ( Figure 5A The results from 10 simulation replicates are shown. Parameter values are as in Figure 3 . 223 224 Expansion load is driven by a few mutations occurring at high frequency 225 So far we assumed that all mutations had the same effect s . To investigate the composition 226 of expansion load with respect to mutation fitness effects, we now consider the case where mutation 227 fitness effects are drawn from an exponential distribution with mean s . Figure 6A Figures 6 A and B) . More interestingly, we 232 see a markedly different SFS, with, as compared to neutral expectation, a clear deficit of rare and 233 intermediate frequency variants and an increase in high frequency variants ( Figure 6B ). Thus, even 234 though fewer polymorphic sites with deleterious variants are found in more recently colonized areas 235 than in the ancestral region, the alleles at polymorphic sites tend to be at higher frequency in more 236 recently colonized populations. 237 are equal for all categories. As expected, we find that the number of polymorphic loci generally 241 decreases with increasing mutation effect size, and that large effect mutations tend to be present at 242 lower frequencies than low effect mutations ( Figure 6 C and D) . Compared to core populations, the 243 allele frequencies at polymorphic sites on the wave front tend to be larger across all mutational 244 effect categories. Furthermore, the increase in allele frequency is most pronounced for small effect 245 mutations. Thus, expansion load is driven mainly by mildly and moderately standing deleterious 246 13 mutations (i.e., up to 2 Ns  for the parameter values used in Figure 6 ) that rise to high frequency We have investigated here the dynamics of an expansion load caused by recessive mutations. 258
Using individual-based simulations we have shown that shifts in the genotypic composition of 259 standing genetic variation can lead to a rapid drop of mean fitness at the onset of an expansion (see 260 Figures 1 and 2) without necessarily affecting the total number of deleterious alleles per individuals 261 (see Figure 2 ). The total expansion load resulting from standing genetic variation is limited by the 262 initial frequency of deleterious mutations (see Figure 2 ). Thus, if many loci are polymorphic for 263 deleterious variants at the onset of the expansion, the (recessive) expansion load from standing 264 genetic variation can be the dominating the total mutation load (see Figure 1 ). Even though these 265 results have been inferred by assuming that all deleterious mutations were recessive, we would 266 predict that a similar phenomenon, though of lesser amplitude, would occur if only some of the 267 mutations would be fully or partially recessive. 268
The effect of range expansions on deleterious genetic diversity is also reflected in the site 269 frequency spectrum (SFS, see Figure 6 ). As compared to stationary populations in the core of the 270 species range, populations from more recently colonized areas have fewer segregating sites, but 271 proportionally more high and low frequency variants (cf. Figure 6A 
